A b s t r a c t Various microbial biomasses have been employed as biosorbents. Bacterial biomass has added advantages because of easy in production at a low cost. The study investigated the biosorption of iron from aqueous solutions by Bacillus subtilis. An optimum biosorption capacity of 7.25 mg of the metal per gram of the biosorbent was obtained by the Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES) under the experimental conditions of initial metal concentration of 100 mg/l, pH 4.5, and biomass dose of 1 g/l at 30°C for 24 hrs. The data showed the best fit with the Freundlich isotherm model while following pseudo-first-order kinetics. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) analysis confirmed iron biosorption as precipitates on the bacterial surface, and as a peak in the EDX spectrum. The functional hydroxyl, carboxyl, and amino groups that are involved in biosorption were revealed by the Fourier Transform Infrared spectroscopy (FTIR). The amorphous nature of the biosorbent for biosorption was indicated by the X-ray Diffraction (XRD) analysis. The biomass of B. subtilis exhibited a point zero charge (pH pzc ) at 2.0. K e y w o r d s: Bacillus subtilis, biosorption, iron, isotherms, kinetics Kanamarlapudi S.L.R.K. and Muddada S.
Introduction
Remediation of metal ions from contaminated sites is paramount. Many industries and various human activities discharge large amounts of metal ions into the water bodies where they cannot be degraded or destroyed. Ultimately, heavy metal ions reach and accumulate in the tissues of animals and humans (Iheanacho et al. 2017 ) posing serious health ailments.
Some metal ions act as essential micronutrients for most of the living organisms as metalloenzymes when present in sufficient quantities. However, they become toxic at high concentrations (Bhattacharya et al. 2016 ). Hence, metal ion concentration in wastewater and drinking water sources has to be reduced to a set levels (0.1 mg/l -Fe; 1 mg/l -Cu; 5 mg/l -Zn; 0.05 mg/l -Ar; 0.005 mg/l -Cd; 0.001 mg/l -Hg; 0.05 mg/l -Pb; 0.01 mg/l -Se) as per standards set by WHO (Puri and Kumar 2012) . The traditional chemical treatments used to remediate metal ions are connected with many drawbacks like high energy requirement, the formation of sludge or waste products, incomplete removal of ions, high cost and difficulty in implementation (Renu et al. 2017) , and may become ineffective at low quantities (10-100 mg/l).
Biosorption has emerged as an alternative to traditional techniques. Biosorption is described as a naturally occurring metabolism that binds metal ions to the cellular structure of the biosorbents even from very dilute aqueous solutions (Shamim 2018) . A microbial cell is a natural biosorbent of metal ions. Studies were done using microbial biomass (algae, bacteria, and fungi) as biosorbent for remediation of metal ions from polluted water resources. The biosorption process relies on nature and biosorbent type, and metal species to be biosorbed (El-Naggar et al. 2018) .
The process of biosorption is associated with many advantages as a low operating cost, biosorbent reuse, the minimized disposal of chemical or biological sludge, detoxification of very dilute effluents with high efficiency, specific metal selectivity, low operation time, and no secondary toxic compounds production.
550
Hence, the process of biosorption is promising for the remediation of heavy metals from polluted water bodies (Zawierucha et al. 2016 ).
Among trace elements, iron is required for most of the living organisms for the formation of hemoglobin. High iron levels (200-250 mg/kg body weight) in drinking water may cause many ill effects and can be lethal (Prashanth et al. 2015) . The presence of a high level of iron in the food products also effects taste, color, and appearance due to reaction with the phenolic compounds (Dueik et al. 2017) . Hence, it is necessary to remove iron ions.
Bacillus is a diverse group of microorganisms. Many species of Bacillus are found to have metal-binding properties (Wierzba 2015; Dey et al. 2016; García et al. 2016) . Bacillus subtilis is non-pathogenic and non-toxic with a Generally Regarded as Safe (GRAS) status. The biosorption of metal ions by B. subtilis has been studied (Al-Gheethi et al. 2017; Cai et al. 2018) . Besides, many studies reported the biosorption of iron by various microbial biosorbents (Keshtkar et al. 2016; Migahed et al. 2017) . However, there is very little information regarding the structural and functional changes occurring on the biomass of B. subtilis as a consequence of iron biosorption.
Hence, in the present study iron removal was done by utilizing biomass of B. subtilis in aqueous solutions. Optimization of experimental parameters, isotherms, and kinetic studies was done to characterize iron biosorption onto the biomass. Also, changes on the surface of the biosorbent were evaluated.
Experimental

Materials and Methods
Microorganism and growth conditions. The strain, Bacillus subtilis (1427) was procured from Microbial Type Culture Collection (MTCC), Chandigarh. The stock culture of B. subtilis was preserved on nutrient agar plates at 4°C and subcultured every month. Bacterial stocks were maintained in 50% glycerol at -80°C. Fresh biomass was obtained by inoculating the strain in nutrient broth and incubating at 37°C for 24 hrs at 150 rpm. The bacterial culture obtained after centrifugation (8000 rpm, 10 min) was washed with distilled water and used as the biosorbent for iron biosorption experiments.
Preparation of metal solution. Stock solutions of FeSO 4 · 7H 2 O (ferrous sulfate heptahydrate) were prepared in double-distilled water. Fresh working solutions were prepared before experiments.
Biosorption experiments. Biosorption of iron ions onto biomass of B. subtilis was done at 30°C by suspending different amounts of biosorbent in 100 ml metal ion solution in Erlenmeyer flasks (250 ml). The pH was adjusted by 1N NaOH or HCl before agitation at 100 rpm. The impact of various experimental parameters that influences the process of biosorption was examined. One target parameter was varied by keeping the others constant. Tests were performed with pH values varying from 3 to 9, initial metal ion concentrations differing from 4 to 40 mg/l, different inoculum sizes of 0.5 to 3 g/l, and different time intervals of 1-24 hrs. Controls (without the addition of metal) were maintained. After incubation, the biomass and supernatant obtained by centrifugation (8000 rpm, 10 min) were characterized separately.
Determination of residual Fe (II). Concentration of Fe (II) ions in the supernatant after biosorption experiments was obtained by the Inductive Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at NCCCM, Hyderabad. At equilibrium conditions the percentage of biosorption and biosorption capacity of B. subtilis were obtained the equations:
where q e is the quantity of the metal biosorbed by the biomass (mg/g) at equilibrium; C i is initial metal (Fe) ion concentration in the solution (mg/l); C e is the equilibrium metal (Fe) ion concentration in solution (mg/l), V is volume of the medium (l), and m is the quantity of the biomass used in the reaction mixture (g).
Isotherm modeling. In this study, the fit of experimental data was studied by the three most widely used models, namely Freundlich, Langmuir, and Temkin isotherms. Linearized Langmuir isotherm model is shown as:
where, q e is the mass of metal ion biosorbed per gram of the biosorbent (mg/g); C e is the final concentration of the metal ions (mg/l) in solution; q m is the monolayer biosorption capacity of the biosorbent (mg/g), and k L is the Langmuir biosorption constant (l/mg). The constants K L and q max were evaluated from the slope and the intercept of the linear plot of 1/q e versus 1/C e The affinity (R L Hall isolation factor) of the biosorbent to the biosorbate can be calculated by the equation:
where C i is the highest initial concentration of the biosorbate (mg/l). Linearized Freundlich isotherm model is described as:
Biosorption of iron (II) by Bacillus subtilis biomass 4 551 transparent discs. The discs were analyzed immediately in the range of 400-4000 cm -1 , with KBr as background. X-ray diffraction (XRD) analysis. Powdered bio sorbent, before and after Fe (II) biosorption were characterized by X-ray diffraction apparatus (Bruker D8-Advance XRD model). The intensities of diffracted X-rays were noted as a function of 2θ angle by using monochromatic Cu-Kα (1.5406 Å) target radiations. The patterns were recorded over the range of 3° to 80° with a scan rate of 10°/min, and a step size of 0.02°. The conditions used for operating were 40 kV and 35 mA of current.
Determination of point zero charges (pH pzc ). The point zero charges of biosorbent were obtained by the pH drift method. For this, different conical flasks with 50 ml of 0.01 M NaCl solution were taken and pH (initial) was adjusted within the range of 2-12 by using either 0.1 M HCl or NaOH. After adjusting the pH, 0.15 g of B. subtilis biomass was put into all flasks and agitated for 48 hrs at room temperature. After incubation, the flasks were withdrawn from the shaker and the final pH was taken. The pH pzc can be calculated from the plot of pH final vs. pH initial. The intersection point of the curve (pH initial = pH final ) was considered as the point of zero charge.
Results and Discussion
The bacterium B. subtilis is recognized as a GRAS organism (Sewalt et al. 2016) , and hence, it is considered as a safe biosorbent for its use in metal remediation from polluted aqueous solutions.
Biosorption studies. The effect of different experimental parameters at various conditions was studied as discussed below.
Effect of initial metal ion concentration. The concentration of metal ion strongly influences the biosorbent biosorption capacity. From Fig. 1 , it can be concluded that with the increase of metal ion concentration from 4 mg/l to 20 mg/l, the biosorption capacity where, K F is a constant for relative biosorption capacity of the biosorbent and 1/n is an experimental parameter of biosorption intensity, which can be calculated from the linear plot of log q e versus log C e . Linearized Temkin isotherm model is shown as represented by the following equation:
where A T is the Temkin isotherm equilibrium binding constant (L/g), b T is the Temkin isotherm constant, R is universal gas constant (8.314 J/mol/K), and T is the temperature at 298 K. By plotting the values against q e versus lnC e the constants b T and A T can be determined.
Biosorption kinetics. In this study, pseudo-firstorder and pseudo-second-order were applied.
Linear forms of the kinetic models are shown as:
where q e and q t are the mass of Fe (II) ions biosorbed at equilibrium and at time t (mg/l), k 1 is the pseudofirst-order equilibrium rate constant (min -1 ), k 2 is the pseudo-second-order rate constant (g mg -1 min -1 ), and t is the contact time (min). The parameters of the two models can be calculated from the slope and intercept of linear plots of t versus log (q e -q t ), and t versus t/q t , respectively. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectrometry (EDX) analysis. Morphology and elemental composition of biosorbent before and after biosorption with Fe(II) ions were examined by the Field Emission Scanning Electron Microscope (FE-SEM) (CARL ZEISS SUPRA 55 GEMIN-German Technology Jena, Germany). Biomass samples were glutaraldehyde fixed, attached to 10 mm alumina-based mounts and sputtered with gold particles by using sputter coater (SC7620 'Mini' sputter coater) under vacuum. Then, the obtained specimens were observed under SEM for capturing of images. Elemental composition (EDX) was analyzed by the Energy Dispersive X-ray spectrometry (EDX) (OXFORD EDS system) at 16 KeV voltage.
Fourier Transform Infrared Spectroscopy (FTIR). The Infrared spectrum of biosorbent before and after biosorption was recorded by the FTIR spectrometer (Thermo Nicolet Avatar 370 FTIR, Madison, US) to identify the functional groups on the biosorbent surface participating in biosorption. The samples were dried and mixed with KBr (1 : 200) and pressed to obtain log q e = log K F + log C e 1 n
Kanamarlapudi S.L.R.K. and Muddada S. 4 552 increases from 2.8 mg per gram to 7.25 mg Fe(II) per gram of biosorbent, and thereafter, it remains almost constant with further increase of metal concentration (up to 40 mg/l). This phenomenon is due to that at low metal concentration the active sites present on the biosorbent are unoccupied leading to higher biosorption capacity. Due to the attainment of saturation with increasing metal concentration, further increase leads to lower or constant biosorption capacity. Hence, 20 mg/l metal concentration was taken as the optimum with the highest biosorption capacity of 7.25 mg of Fe (II)/g of the biomass. Similarly, in other studies with As (V) concentration ranging from 500-3000 µg/l, there was an increase in biosorption capacity and it reached equilibrium at the high metal concentration (Banerjee et al. 2016) .
Effect of contact time. The biosorption capacity was increased from 1.35 to 9 mg/g of biomass with the increase in contact time up to 10 hrs due to the biosorption of metal ions with the available binding sites (Fig. 2) . Upon further incubation, due to lowered availability of binding sites, and as repulsive forces existed between the bound Fe (II) ions and in those in solution, another stage of biosorption was noticed. A similar pattern of two-phase biosorption was observed for Cr (VI) ions with an increase in contact time from 10 min to 10 hrs (Arbanah et al. 2012) .
Effect of the biosorbent dose. Different biomass dosages were considered as represented in Fig. 3 . It shows that there was a decrease in biosorption capacity with the raise of biomass dosage from 0.5 g/l to 3 g/l. At higher dosage, the biomass forms aggregates that lead to a reduction in available binding sites resulting in lower biosorption capacity. Hence, the concentration of 1 g/l of biosorbent was taken as an optimum dose for biosorption of Fe (II) ions. These results are in line with other reported studies, where, with the increase of biosorbent dose of Bacillus cereus from 0.5 to 3 g/l, there was the decrease in biosorption capac-ity from 36.21 to 7.73 mg/g of biomass for Pb (II) ions (Todorova et al. 2019) .
Effect of pH. One of the crucial parameters to be monitored during biosorption is pH because it influences the functional groups and heavy metal solution chemistry. At low pH, binding of metal ions to the biosorbent is reduced due to the existence of metal -proton competition to the same binding region (Farnane et al. 2018) . However, in our experiments at a low pH of 3, the damage to the biomass occurred and resulted in the formation of flakes. At high pH values (pH > 4.5) precipitation of iron (results in yellowing of solution) and formation of hydroxides (Fe (OH 3 )and Fe(OH 4 ) 2-) occurred which hindered the biosorption. Hence, pH 4.5 was taken as an optimum in our studies to attain the highest biosorption capacity assuming that the functional groups are deprotonated and attained a negative charge for binding of positive metal ions. Also, many studies reported that biosorption is meaningless at higher pH due to the occurrence of metal hydroxides causing difficulty in concluding whether the decrease in metal concentration was due to lowered biosorption or precipitation (El-Naggar et al. 2018) .
Isotherm modeling. The metal ion biosorption capacity of biosorbent was determined by the equilibrium sorption isotherms that characterize the affinity and surface properties of the biosorbent by expressing certain constant values (Kariuki et al. 2017) . The present study used three biosorption isotherm models, namely Langmuir, Freundlich, and Temkin isotherms.
Langmuir isotherm can be described as a quantitative monolayer occurrence of the biosorbate on the biosorbent surface, containing the unbounded number of active sites (Saraf and Vaidya 2016) . The Freundlich isotherm model explains heterogeneous surface biosorption where enthalpy of biosorption is independent of the metal ion biosorbed (Ahad et al. 2017 ). Temkin isotherm is showed by considering the factor of biosorbate -biosorbent interaction explicitly into 4 553 account and presume that there was a linear decrease in biosorption heat of solute molecules in the layer rather than logarithmically (Ahad et al. 2017) . From the respective linear plots, the constants of three isotherms models obtained are presented in Table I . Based on the regression coefficient value (R 2 ), the biosorption data expressed shows best fit with Langmuir isotherm model (0.9353) compared to Freundlich (0.9057), and Temkin isotherm models (0.8715) indicating that Fe (II) biosorption onto B. subtilis is monolayer with uniform binding energy. The value of R L = 0 indicates favorable biosorption. The value of 'n' is greater than unity suggesting that the iron ions are favorably biosorbed onto B. subtilis biomass. The constants of Temkin isotherm suggest that the heat of sorption is a physical process. Various studies reported that either Freundlich (Safari and Ahmady-Asbchin 2018) , Langmuir (Anuradha et al. 2018) or Temkin (Aravind et al. 2015) isotherm models are the best fit.
Biosorption kinetics. The kinetics expresses the rate of biosorption by determining the residence time of biosorbate for the completion of biosorption at the solid-solution interface. It also determines the mode of biosorption and the possible rate-controlling steps either in mass transport (pseudo-first-order) or in chemical reaction (pseudo-second-order). The kinetics of Fe (II) biosorption onto B. subtilis can be evaluated by subjecting the experimental data to two kinetic models -pseudo-first and second-order models.
From the respective linear plots, the parameters of two kinetic models were obtained which were summarized in Table II . With a high correlation coefficient (R 2 ) and the low difference between the experimental and calculated q e values, we can interpret that the data fits well with pseudo-first-order kinetic model. The ratecontrolling step is diffusion and does not depend on the concentration of both the reactants which implies that the biosorption is physisorption. Other studies also reported that pseudo-first-order kinetic model as a better fit for biosorption of Pb (II) and Zn (II) ions. (Hanbali et al. 2014; Singh and Chopra 2014) .
SEM-EDX analysis. Morphological changes that occurred as a result of Fe (II) biosorption onto B. sub tilis were visualized by scanning electron microscopy (SEM). SEM images revealed that before biosorption the cells were found to be plump with smooth surfaces in loosely bound form. After biosorption with Fe (II) ions, cells showed the presence of bulky particles in the form of precipitates on the surface, increase in cell size and roughness of the cell (Fig. 4 and 5) . Similarly, the alteration in morphology of Ralstonia pickettii and lactic acid bacteria biomass was observed due to biosorption of Mn (II) and Fe (II), respectively (Ramyakrishna and Sudhamani 2017; Huang et al. 2018) .
The Energy Dispersive Spectroscopy (EDX) analysis is used to indicate the presence of metal. The peak for iron in the spectrum confirmed that the Fe (II) ions were biosorbed onto the B. subtilis biomass (Fig. 5) . The composition of elements in the biomass loaded with Fe (II) differed from that of the control biomass. The elements Magnesium, Sodium, and Calcium which were initially present in the control (Fig. 4) were not observed in the metal-loaded biomass, which indicated that iron replaced the other metal ions that already existed on the biosorbent surface. Further, the percentage composition of Oxygen, Phosphorus and Potassium in the metal loaded biomass was lowered which indicates that the mechanism of ion exchange plays a role in biosorption of Fe (II) ions. A similar mechanism of ion exchange was observed in other studies for Fe (II) biosorption by lactic acid bacteria (Ramyakrishna and Sudhamani 2017 Biosorption of iron (II) by Bacillus subtilis biomass 4 555 FTIR analysis. FTIR spectrum discloses the functional groups that take part in Fe (II) biosorption. The spectrum of the biosorbent displayed varied biosorption peaks indicating the composite nature of the biomass. Figure 6a shows the IR spectrum of control biomass. The broad peak at 3441 cm -1 indicates the presence of -OH and -NH stretching, thus televising the occurrence of hydroxyl and amine groups. The peak at 1635 cm -1 represents the appearance of the amide group. Peaks at 1454 cm -1 and 1403 cm -1 shows the stretching of -C-C = C groups and C-H bending of the aromatic ring, respectively. The -C-O stretching of the carboxyl group was displayed at 1232 cm -1 . The peaks at 1069 cm -1 and 972 cm -1 represent the -C-C stretching of alcohols and C-O-C, C-O, C-O-P bonds of polysaccharides.
The IR spectrum of metal loaded biomass (Fig. 6b ) showed significant changes in the range of 3437 cm -1 , 1650 cm -1 , 1230 cm -1 , and at 1075 cm -1 indicating that these functional groups participate in metal ion biosorption. A new peak formed at 2958 cm -1 indicated the stretching of -C-H bond of the aliphatic methylene group. Stretching of COObond of carboxylate group appeared at 1534 cm -1 . The peak at 1394 cm -1 indicates the C = C stretching vibration of alkyl side chains. The bands below 800 cm -1 indicate the fingerprint zone, which can be attributed to phosphate and sulfur functional groups. Additionally, a clear shift in the protein region (3437 cm -1 , 1650 cm -1 ) is exhibited indicating the protein role in Fe (II) biosorption. Conclusively, changes in the frequencies of these functional groups indicate that they participate in biosorption process. Similar changes in the FTIR spectrum due to arsenic biosorption were reported by Cristobel (Christobel and Lipton 2015) . Changes at 3411 cm -1 , 2929 cm -1 , 1239 cm -1 , 1052 cm -1 , and 617 cm -1 peak intensities are in line with other reports (Dhanwal et al. 2018) .
XRD analysis. The patterns of X-ray diffraction of B. subtilis prior and following iron biosorption are explained in Fig. 7a and 7b . Sharp intensity peak in the unloaded biosorbent has been observed at 2θ = 16.610 with d spacing value of 5.3392, whereas the pattern in the iron-bound biosorbent showed the emergence of new peaks at 2θ values of around 8.293 and 19.659 indicating the crystalline character of the biosorbent. 
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The amorphous character of biosorbent in the spectra is indicated by the poorly resolved peaks, which suggest that the metal ion can simply pierce into the surface; which is advantageous for metal biosorption from aqueous solutions. The results are in agreement with other studies (Qu et al. 2015; Santuraki and Muazu 2015) .
Point zero charge of biosorbent (pH pzc ). Metal biosorption onto biosorbent surface is based on pH, since it influences surface available binding sites of biosorbent and metal ions in solution, respectively. Hence, the calculation of point zero charges is a critical parameter to predict metal ion biosorption. As shown in Fig. 8 , the pH pzc of B. subtilis was found to be 2 indicating the positive charge of biosorbent at pH less than 2 and a negative charge at pH greater than 2. At pH < 2, metal proton competition exists resulting in the decline of biosorption. On the other hand, at pH > 2, the biosorbent is negatively charged which facilitates the electrostatic attraction with the positively charged metal ions resulting in maximum biosorption. At higher pH (pH < 6), a reduction in biosorption was also observed. This is because, at high pH values, there is a probability for precipitation of metal ions as salts or hydroxides in solution (Zaib et al. 2016) . Similar results were observed using other strains of B. subtils, where the pH pzc of the biosorbent was 1.5 (Ng 2018) .
Conclusion
Analysis by ICP-OES and SEM-EDX showed that metal ions were biosorbed onto the biosorbent. Freundlich adsorption isotherm and pseudo-first-order kinetic model proved the better fit for experimental data. The FTIR spectrum identified the possible functional groups that interact in metal biosorption. The amorphous nature of the biosorbent which is suitable for biosorption was revealed by XRD analysis. Point zero charge of biosorbent shows that the biosorption process is facilitated at pH > 2. At optimized experimental conditions of 100 mg/l of the metal ion at pH 4.5, with 1 g/l of biosorbent at 30°C for 24 hrs, the biomass of B. subtilis showed biosorption capacity of 7.25 mg of Fe (II)/g of biomass. The biomass of B. subtilis can be employed as a promising biosorbent for remediation of metal ions from polluted water sources.
